Abstract: Autism spectrum disorder is a heterogeneous disorder of brain development with wide ranging cognitive deficits. Typically diagnosed before age 3, autism spectrum disorder is behaviorally defined but patients are thought to have protracted alterations in brain maturation. With longitudinal magnetic resonance imaging (MRI), we mapped an anomalous developmental trajectory of the brains of autistic compared with those of typically developing children and adolescents. Using tensor-based morphometry, we created 3D maps visualizing regional tissue growth rates based on longitudinal brain MRI scans of 13 autistic and seven typically developing boys (mean age/interscan interval: autism 12.0 AE 2.3 years/2.9 AE 0.9 years; control 12.3 AE 2.4/2.8 AE 0.8). The typically developing boys demonstrated strong whole brain white matter growth during this period, but the autistic boys showed abnormally slowed white matter development (P ¼ 0.03, corrected), especially in the parietal (P ¼ 0.008), temporal (P ¼ 0.03), and occipital lobes (P ¼ 0.02). We also visualized abnormal overgrowth in autism in gray matter structures such as the putamen and anterior cingulate cortex. Our findings reveal aberrant growth rates in brain regions implicated in social impairment, communication deficits and repetitive behaviors in autism, suggesting that growth rate abnormalities persist into adolescence. Tensor-based morphometry revealed persisting growth rate anomalies long after diagnosis, which has implications for evaluation of therapeutic effects. Hum Brain Mapp 00:000-000,
INTRODUCTION
Autism spectrum disorder is a complex neurodevelopmental disorder with a lifelong impact. It affects approximately one in 110 children, with a male-to-female ratio of 4.5:1, according to a recent Center for Disease Control and Prevention survey [CDC 2009] . Autism is clinically characterized by behavioral abnormalities including social deficits, language impairments, and restricted or stereotyped behaviors, present by age 3 or earlier [Kanner 1943; Lord et al. 2000a] .
During typical development, the brain undergoes a highly dynamic process of dendritic branching, synaptic pruning, and myelination, which continues into adolescence and adulthood [Giedd et al. 1999; Gogtay et al. 2004; Knickmeyer et al. 2008; Sowell et al. 1999; Sowell et al. 2004] . In contrast, the brains of at least some autistic children are hypothesized to undergo accelerated brain growth before age 2 followed by a premature slowing of growth [Courchesne 2004; Courchesne et al. 2004] . This anomalous trend has been found using both traditional head circumference measurements [Courchesne et al. 2003 ] and magnetic resonance imaging (MRI) of brain volume [Brambilla et al. 2003; Courchesne et al. 2001; Sparks et al. 2002] . As most of the autism studies focused on very early stages of development, the trend of brain growth later in life remains unidentified. In addition, brain volume changes in cross-sectional studies do not necessarily imply accelerated or decelerated growth, which can only be conclusively established with a longitudinal design [Amaral et al. 2008; Brambilla et al. 2003 ].
MRI is a safe, noninvasive method to investigate brain morphology in children and adolescents [Brambilla et al. 2003; Eliez and Reiss 2000] . Tensor-based morphometry (TBM) is an automated image analysis technique that identifies regional structural differences between scans [Gogtay et al. 2008 ; Thompson et al. 2000] . In longitudinal studies, a deformation field is obtained by nonlinearly registering the MRI scans of the same subject acquired at different times. Then a tensor field, the Jacobian matrix, is calculated from the gradient of the deformation field to characterize brain change [Ashburner and Friston, 2003] . A color-coded Jacobian determinant map represents volume loss or gain at each voxel [Ashburner and Friston, 2003; Chung et al. 2001; Freeborough and Fox 1998; Riddle et al. 2004; Toga 1999] . TBM offers a detailed 3D mapping of structural changes in cortical and subcortical tissues, including cerebral white matter and deep brain nuclei.
In this study, we evaluated 13 autistic and seven typically developing boys, over a period of 2-6 years. We hypothesized that children with autism undergo abnormal brain development compared with healthy kids, evidenced by structural MRI. We computed 3D Jacobian maps to estimate the rate of local tissue change between baseline and follow-up for each subject. By comparing the patient and control groups, we detected an abnormal slowdown of cerebral white matter development, as well as overgrowth of deep gray matter structures including the putamen (PT) and anterior cingulate cortex (ACC). For the first time, we report ongoing changes in the autistic brain during adolescence, providing direct evidence for abnormalities of brain maturation after early childhood. Accurate tracking of late abnormalities offers an opportunity to assess the effects of therapy and may assist in finding genes associated with these deficits.
MATERIALS AND METHODS

Subjects
Thirteen autistic and seven typically developing children and adolescents aged 6 to 17 participated in this study (Table I ). All subjects were males. Each subject received two high-resolution 3D MRI scans with an average interscan interval of 2.9 AE 0.9 years. The average age represents the midpoint age between the two scan dates, which was 12.0 AE 2.3 years for the autistic group and 12.3 AE 2.4 years for the control group. There was no significant age difference between the two groups (P ¼ 0.77). The full data for the ages of each subject at the times of the first and second scans is provided in the Supporting Information (Table IS) .
Inclusion criteria for the autistic subjects were a DSM-IV (American Psychiatric Association, 1994) diagnosis of autism or pervasive developmental disorder, absence of medical or neurological illness, and performance intelligence quotient (PIQ) >70. Diagnoses were based upon [Lord et al. 1994 ] and the Autism Diagnostic Observation Schedule (ADOS) [Lord et al. 1999] . The ADI-R, a semi-structured interview administered to the primary caregivers, and the ADOS are widely used in the diagnosis of autism. The ADI-R has excellent reliability and validity [Le Couteur et al. 1989] , as does the ADOS-G [Lord et al. 2000b] . All subjects in the autistic group met criteria for autism based on ADI-R and ADOS scores (ADOS-communication: 4.7 AE 2.1, ADOS-qualitative impairments in reciprocal social interaction: 9.7 AE 2.0, ADOS-play or imagination/creativity: 1.0 AE 0.6, ADOSstereotyped behaviors, and restricted interests: 0.9 AE 1.1) administered by qualified raters (J.L., S.S.). Four of the autistic subjects were on medications at the first visit: one patient on clonidine and dexadrine at the first visit remained on these medications at the second visit; one patient on methylphenidate remained on this medication at the second visit; one subject on methylphenidate and Risperidone at the first visit returned on mixed salts and Risperidone at the second visit; and one on Sertraline at the first visit returned on no psychopharmacologic medications at the second visit. Additionally, one patient on no medications at the first visit returned on paroxetine at the second visit. Subjects were asked to remain free of stimulant medications for 24 hours prior to the scan, but other medications were not suspended. Because of the small number of subjects in the study, it was not plausible to covary for medication use. There was one missing data point of IQ at baseline and at follow-up, respectively. Control children were recruited from public and private schools in the community. Controls were screened for neurological, psychiatric, language, or hearing disorders by clinical interview, developmental history and K-SADS-PL [Kaufman et al. 1997] interviews with the parents. The K-SADS-PL is a highly reliable structured interview used to assess a wide range of psychiatric disorders according to either DSM-III-R or DSM-IV criteria. We excluded children from the control sample if they met criteria for any lifetime significant medical disorder or Axis I mental disorder. The mean FSIQ/VIQ/PIQ of the control group was 118/120/112 (SD ¼ 13/15/10) at baseline and 118/122/ 118 (SD ¼ 8/8/11) at follow-up. The FSIQ was significantly different between the autistic and control groups at baseline (P ¼ 0.03) and follow-up (P ¼ 0.03).
All subjects were recruited as part of an ongoing neurodevelopmental project at the University of California, Los Angeles, approved by the University of California, Los Angeles Human Subjects Protection committee. All parents of subjects provided written informed consent for participation and, where possible, subjects provided assent.
MRI Acquisition
All subjects completed MRI scans on the same 1.5 Tesla GE Signa magnetic resonance imaging scanner (GE Medical Systems, Milwaukee, WI). High-resolution 3D T1-weighted spoiled grass sequences were obtained using the following imaging acquisition protocol: a sagittal plane acquisition with slice thickness of 1.2 mm, repetition time of 14.6, echo time of 3.3, flip angle of 35
, an acquisition matrix of 256 Â 192, field of view of 24 cm and two excitations.
Image Preprocessing
Scalp and other non-brain tissues were removed using an automated program, Brain Surface Extractor, from BrainSuite [Shattuck and Leahy 2002] , followed by manual editing in all sagittal planes to lower the segmentation error caused by similar image intensities for brain (i.e., gray matter, white matter, and cerebrospinal fluid) and non-brain tissues. A three-dimensional radio frequency bias field correction algorithm (N3) was applied to reduce intensity inhomogeneity in MRI images caused by nonuniformities in the radio frequency receiver coils [Sled et al. 1998 ]. A prior validation study demonstrated the improved longitudinal stability of TBM with scans acquired using spoiled grass sequence followed by N3 correction [Leow et al. 2006] .
To account for global differences in positioning among individual brains, all scans were rigidly aligned to the ICBM53 standard brain, a stereotaxic space defined by the International Consortium for Brain Mapping (ICBM) [Mazziotta et al. 2001] . To linearly align the scans to ICBM53 brain, each follow-up scan was linearly registered to its baseline scan with 6-parameter (6p) affine transformation, then both scans were registered to ICBM53 using the same 9-parameter (9p) transformation, with mutual information as a similarity measure [Maes et al. 1997] . In the 9p linear registration to the ICBM53 brain, all MRI images were resampled into an isotropic matrix of 199 voxels in x-, y-, and z dimensions with each voxel interpolated to the size of 1 Â 1 Â 1 mm. The quality of linear registration was visually inspected by using a 3D visualization tool called REGISTER, which automatically overlays the arbitrary slice geometry of each scan pair in ICBM53 space [MacDonald 1993] . All scans had satisfactory results for linear registration without noticeable distortion or mismatch.
Minimal Deformation Target
Prior studies have suggested that inter-subject registration of MRI scans from children is improved if a specially constructed image-a custom-made group-average template-is used as a target [Wilke et al. 2008; Wilke et al. 2002] . We constructed a minimal deformation target (MDT) using the baseline scans of all subject included in the study [Good et al. 2001; Kochunov et al. 2002; Kovacevic et al. 2005; Woods et al. 1998 ]. Steps for creating a MDT are detailed in prior publications Hua et al. 2009 ]. Briefly, an affine average image was created from baseline images after nine-parameter affine registration to ICBM53. Each scan was then nonlinearly registered to the affine average template using a nonlinear inverse-consistent elastic intensity-based registration algorithm [Leow et al. 2005; Thompson et al. 2000; Wells et al. 1996] . The deformation field was determined by maximizing the mutual information of the image intensities and minimizing the elastic energy of the deformation. A multiresolution scheme was used. It began with a Fast Fourier Transform (FFT) resolution of 32 Â 32 Â 32 followed by 64 Â 64 Â 64, which corresponds to an effective voxel size of 30 mm 3 (199 mm/64 ¼ 3.1 mm), with 300 iterations at each resolution. A nonlinear average was computed by voxel-wise averaging the intensities of the 20 images (13 autistics þ 7 controls) that had been nonlinearly registered to the affine average template. Finally, the MDT was created by adjusting the nonlinear average with inverse geometric centering of the displacement fields [Kochunov et al. 2005; Kochunov et al. 2002] . The MDT was subsequently used as the target for inter-subject registration.
Jacobian Maps Construction
We used the same nonlinear registration algorithm, as used in creating the MDT, to spatially adjust for both intra-and inter-subject shape differences. The deformation field obtained from intrasubject scan pairs U Intra Dn (D, diagnosis; ''A'' as autism and ''C'' as control; n, subject index) represents developmental changes in an individual brain. A tissue change map was derived from the deformation field obtained by warping the follow-up scan of each subject to its baseline scan. Each map was adjusted using its corresponding interscan interval to create an annualized Jacobian map that represents the average change per year, or growth rate. The intersubject registration U Inter Dn encodes the anatomical variance between individual brains. To align individual Jacobian maps to a common stereotactic space, the initial scan of each subject was nonlinearly aligned to the geometry of the MDT template (32 FFT Â300 iterations; 64 FFT Â300 iterations). The inter-subject displacement vector field U Inter Dn ¼ (u x , u y , u z ), was then applied to transform the individual Jacobian growth map J Dn . J Dn s (s, standard space) symbolizes individual Jacobian maps aligned in the standard space defined by the MDT template. Spatial normalization across different brains is a computationally intensive step, but it reduces inter-individual variance in brain anatomy enabling regional comparisons and group analyses. See Fig. 1 for a diagram of the design. All group comparisons and statistical analyses are based on the annualized Jacobian maps (tissue change per year) in the standard space.
The image processing steps were executed using the LONI Pipeline Processing Environment, which streamlines the process and allows parallelization of multiple tasks [Rex et al. 2003 ].
Regions of Interest
Regions of interest (ROIs) were delineated on the MDT template by a trained anatomist (S.M.). Lobar masks, for the frontal (FL), parietal, temporal, and occipital lobes (left, right, both sides), were manually created on the MDT by a trained expert (S.M.) (Fig. 2) . The detailed protocol is available on the LONI Research Protocols website: (http://cms.loni.ucla.edu/ncrr/protocols.aspx?id ¼ 1482). An ROI of the white matter was generated automatically using the tissue classification tool in BrainSuite [Shattuck and Leahy 2002] . The ROIs were also combined to create additional lobe-specific white matter masks.
Statistical Analyses
We used nonparametric methods to estimate the sample mean and standard error of voxel-wise statistical testing. To build average tissue change maps and assess statistical significance at each voxel, the Jacobian maps were analyzed using the bootstrap method [Efron and Tibshirani 1986; Efron and Tibshirani 1993] . The bootstrap was performed for the autism and control groups separately. Using the autism group as an example, we generated 1,000 independent bootstrap samples, each of size n ¼ 13 with replacements from the 13 individual Jacobian maps.
The bootstrap estimate of standard error is the SD of the bootstrap replications [Efron and Tibshirani 1993] . Using the same protocol, the voxel-wise mean and standard error were estimated for the control group (n ¼ 7). The mean difference map (autism minus control) was computed to display the autistic subject's deviation from typical development. At each voxel, a two-sample t test was carried out based on the bootstrap sample mean and bootstrap estimate of standard error for the two groups.
Permutation tests were implemented to assess the overall significance of group difference inside each ROI, corrected for multiple comparisons [Nichols and Holmes 2002] . The null hypothesis is that, for each ROI, there is no differential developmental change in terms of tissue growth or loss between the two groups. Under the null hypothesis, the group labels-autism and control-are interchangeable. At each permutation, group labels were randomly permuted and voxels with P 0.01 (uncorrected) were identified from a two-sample t test. After 10,000 randomized tests, a ratio was calculated describing what fraction of time an effect of similar or greater magnitude than the real effect occurs in the random assignments. This ratio serves as an overall estimate of significance for the maps (corrected for multiple comparisons) [Nichols and Holmes 2002] . Positive growth signals and negative tissue loss were assessed separately in each ROI. Using the general linear model, correlations were assessed between brain growth rates and (1) mean IQ (average IQ at first and second scans); (2) change of IQ (IQ at second scan minus IQ at first scan), at each voxel within the brain, in each group independently and in the combined group with both autism and control subjects. These correlations were subsequently evaluated by cumulative distribution functions to correct for multiple comparisons using the false discovery rate (FDR) [Benjamini and Hochberg 1995] , inside the whole brain, white matter, and gray matter. A significant correlation is declared if a FDR critical P > 0 can be found to control for FDR at less than 5% level Hua et al. 2010; Morra et al. 2008] .
RESULTS
IQ and Brain Growth
The rates of brain growth (Jacobian values) at each voxel were tested for correlation with mean IQ and change of IQ between the two scans, in each group independently and in the combined group with both autism and control subjects. There was no significant correlation between growth rates and mean IQ or change of IQ (for FSIQ, VIQ, and PIQ) inside the whole brain, gray matter, or white matter, after correction for multiple comparisons. We therefore excluded IQ from subsequent analyses.
Individual Tissue Change Maps
To illustrate how TBM can map anatomical brain development, we show the individual tissue change maps for an 11-year-old healthy child (initial scan at age 10) and an autistic subject of similar age (Fig. 3) . The Jacobian map represents the amount of tissue change, as a percentage, over a period specified by the scan interval, with the hot and cold colors representing local tissue expansion and atrophy, respectively. In the following group analysis, the Jacobian maps were adjusted using their corresponding scan intervals to illustrate average change per year.
The selected control subject has active growth in multiple white matter regions-a developmental trend typically observed in childhood and adolescence [Giedd et al. 1999; Gogtay et al. 2008; Hua et al. 2009 ]. In contrast, the 11-year-old autistic child displays negligible changes in white matter, in regions showing strong growth in the control subject (e.g., the frontal and parietal lobes). The individual Jacobian maps visualize detailed growth patterns that are later confirmed by group analysis. Fig. 4 shows three sets of tri-planar views of the MDT, the annual mean Jacobian map of the control group, the annual mean Jacobian map of the autistic group, the average group difference map and the map of P values for the between-group comparison. All maps were computed using the bootstrap method to get the correct empirical null distribution at each voxel, as detailed in the methods section. Compared with typical development, the autism Individual tissue change (Jacobian) maps of an 11-year-old typically developing boy (scan interval: 2.2 years) (a) and a similarly aged autistic boy (scan interval: 2.9 years) (b). The initial scan was conducted around 10 years of age for each subject. The Jacobian map illustrates the overall percentage of tissue change during the scan interval. The color coded Jacobian map is displayed over the structural MRI image, with the hot and cold colors representing local tissue expansion and atrophy, respectively. Standard radiologic convention is used to display the images. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] r Hua et al. r r 6 r group map exhibits a reduced growth rate for cerebral white matter (Fig. 4) in multiple regions. (1) The frontal lobe: the corticopontine tract, the corpus callosum, and the anterior thalamic radiation (Fig. 4a,b) . (2) The parietal lobe: the posterior corona radiata including the corticopontine tract, the inferior longitudinal fasciculus, the posterior thalamic radiation, and the corpus callosum (Fig. 4a) ; and the centrum semiovale in the dorsal core of the parietal lobe, a region that that may include fibers from the superior longitudinal fasciculus, the corticopontine tract, the inferior fronto-occipital fasciculus, and the inferior longitudinal fasciculus (Fig. 4c) . (3) The temporal lobe: the sagittal stratum which is a large white matter tract composed of fibers from the corticopontine tract, the posterior thalamic radiation (including the fibers from the optic radiation), the inferior fronto-occipital fasciculus, and the inferior longitudinal fasciculus (Fig. 4a,c) . (4) The occipital lobe: the optic radiation as part of the sagittal stratum (Fig. 4a) . The identification of these white matter tracts is based on the MRI atlas of the human brain [Mori et al. 2005] . In gray matter, Fig. 4b suggests a possible overgrowth of PT and ACC in autism.
Mean Jacobian Maps and Group Comparison
Permutation Tests
A permutation test was used to assess the overall significance of differential brain development within each ROI. 10,000 randomization tests were conducted and confirmed the trend of arrested white matter development in autism when compared with the controls (Table II) . Frontal white matter displayed slower regional growth (Fig. 4) but this did not reach overall significance after correction for multiple comparisons (Table II) . The abnormally slower white matter growth was more pronounced in the left hemisphere than the right, as visualized in the maps (Fig. 4) and indicated by the permutation P values. To analyze this further, we conducted a posthoc hemispheric asymmetry test for white matter growth rates for each group independently. A mirror image of each individual's Jacobian map was created by reflecting the map with respect to its midsagittal plane. Permutation tests based on paired twosample t tests were then performed to assess whether Figure 4 . Annual tissue growth rates (percentage of tissue change per year) mapped in the control group, the autistic group, and the difference in growth rates between the two groups. Each set of tri-planar images is chosen to show anatomical regions with considerable deviation from typical development. Compared with the control group, the autistic group exhibits abnormal growth patterns in several white and gray matter structures. ACC, anterior cingulate cortex; CSP, centrum semiovale in the dorsal core of the parietal lobe; FL, frontal lobe; LV, lateral ventricle (posterior horn); OR, optic radiation; PCR, posterior corona radiata; PT, putamen. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] r Arrested Brain Growth in Autism r r 7 r regional growth rate was significantly asymmetrical, while correcting for multiple comparisons. These analyses did not detect a statistically significant asymmetry for white matter growth rates in either the autism or the control group (all corrected P > 0.05).
DISCUSSION
Although autism is typically diagnosed before 3 years of age, our study suggests ongoing developmental delays in the autistic brain during adolescence, a critical period to establish personal identity and develop/refine emotional and social skills. In cross-sectional MRI studies of autism, one of the most consistent findings is an abnormal brain volume enlargement in early childhood [Courchesne et al. 2003; Courchesne et al. 2001; Hazlett et al. 2005; Sparks et al. 2002] . With a longitudinal study design, we offer direct evidence for anomalous development of the autistic brain that persists from late childhood to adolescence. We found decelerated white matter growth in the frontal, temporal, parietal, and occipital lobes, as well as abnormally accelerated gray matter expansion in the PT and ACC.
Regions showing aberrant growth rates largely correspond to brain areas implicated in core behavioral characteristics of autism: social impairment, communication deficits and repetitive behaviors [Amaral et al. 2008] . The significance of deceleration vs. acceleration is unclear and likely complex, resulting possibly from interactions between factors such as understimulated or insufficiently inhibited tissue growth, history of exercise of regional function, competition between tracts or regions for intracranial space, and compensatory processes. These abnormal changes may offer a quantitative method to assess the impact on the brain of educational interventions in later life for autistic individuals.
Brain Volume
Despite findings of early brain enlargement in autism in several studies [Courchesne 2004; Courchesne et al. 2003; Sparks et al. 2002] , the difference in brain size might not persist into adolescence and adulthood. Several studies detected no significant brain volume difference with respect to normals [Courchesne et al. 2001; Hardan et al. 2009; Herbert et al. 2003; Kates et al. 2004] , while others found a larger brain size in autistic subjects in adolescence [Piven et al. 1996; Piven et al. 1995] , or regional structural brain differences (Hyde et al. 2009 ). Moreover, the degree to which gray and/or white matter is responsible for such brain abnormalities remains a subject of investigation. A hypothesis first postulated by Herbert et al. [2003] and supported by other studies [Courchesne et al. 2001; Hazlett et al. 2005] , is that the abnormal brain enlargement observed in children with autism is disproportionately accounted for by an increase in white matter, not gray matter. A recent longitudinal study observed a greater decrease in gray matter in autism, measured by total gray matter volume and cortical thickness at a 30-month interval [Hardan et al. 2009] . The rates of gray matter pruning between autistic and normal, however, did not reach significance after accounting for multiple comparisons, with the exception of changes in occipital cortical thickness. Here, we found a highly significant and widespread reduction of cortical white matter growth in autism in childhood and adolescence, which may counterbalance the effects of early brain overgrowth together with changes in gray matter, decreasing the disparity in brain volume relative to control subjects.
A Theory of Under Connectivity
A promising theory proposes that autism is not simply associated with regional brain deficits, but also involves deficiencies in cortical networks, which results in functional under-connectivity between cortical regions [Belmonte et al. 2004; Frith 1989] . Functional MRI studies have examined autistic subjects' difficulties in integrating complex information (e.g., language, social cognition, and problem solving) with relative conservation of the ability to analyze individual features [Bachevalier and Loveland 2006; Barnea-Goraly et al. 2004; Castelli et al. 2002; Herbert et al. 2004; Just et al. 2007; Just et al. 2004; Koshino et al. 2005] . A neural network model proposes that local overconnectivity and long range under-connectivity may cause a reduction in information transfer in autism [Belmonte et al. 2004; Herbert et al. 2004; Just et al. 2004] . Here, we identified abnormally slowed white matter development in brain regions carrying long-range fibers connecting functional regions important for higher-order functions such as language and social behaviors. However, with T1-weighted MRI scans, we could not identify the source of this white matter impairment. Whether it involves a reduced number of fibers, a change in myelination, or other factors that might affect connectivity, remains an unanswered question.
Regional Brain Deficits in Autism
Some structural MRI studies found enlarged parietal lobe volume in juvenile and young male adults with autism, which may indicate developmental abnormalities in these regions [Carper et al. 2002; Piven et al. 1996 ]. Our results demonstrate growth rate slowing that is most striking in the left parietal lobe, whereas the right parietal lobe is relatively unaffected (Table II) . These findings may be associated with impairments in language development. Compared with typical development, the autism group exhibits a reduced growth rate in the optic radiations. This finding is consistent with two recent diffusion tensor imaging studies on autistic children, which identified significant reduction of fractional anisotropy in the left optic radiations extending into the medial temporal gyrus r Hua et al. r r 8 r (autism group: 14.6 AE 3.4 years, n ¼ 7; control group: 13.4 AE 2.8, n ¼ 9) [Barnea-Goraly et al. 2004] , and in the posterior limbs of the right and left internal capsules consisting of the optic radiations (autism group: 9.5 AE 1.8 years, n ¼ 8; control group: 9.6 AE 1.4, n ¼ 8) [Brito et al. 2009] , in autistic children compared with healthy controls. There were some clusters of significant difference in the cerebellum but these findings did not survive correction for multiple comparisons. A growing number of publications have provided evidence for a cerebellar involvement in autism though the direction of effects is inconsistent [Akshoomoff et al. 2004; Carper and Courchesne 2000; Courchesne et al. 2001; Herbert et al. 2003; Hodge et al. 2010; Kaufmann et al. 2003; Levitt et al. 1999; Scott et al. 2009; Sivaswamy et al. 2010; Sparks et al. 2002; Webb et al. 2009 ]. We identified a developmental abnormality in autism; however, with the current sample size, we lack sufficient statistical power to establish solid evidence for cerebellar deficits.
Interpretation of Statistical Results
Bootstrap avoids inference based on parametric assumptions but the P maps in Figure 4 were not corrected for multiple comparisons. They were used to illustrate regional group difference at each voxel without controlling for cluster size. We then used permutation tests to assess the overall significance of group difference inside each ROI, corrected for multiple comparisons; however, it does not provide inference at the voxel level. The uncorrected P maps and the permutation P values should be interpreted altogether. An assumption made by converting the brain deformation (Jacobian) to an annualized map that represents the average change per year, and by averaging the results from a large range of ages and times between the first and second scans, is that the rate of brain growth is fairly linear. This assumption is approximately true based on a large neuroimaging brain developmental study of healthy children and adolescence [Giedd et al. 1999] . From 6 to 14 years old, the growth rates are roughly linear in the white matter [Giedd et al. 1999] . It would be prudent to model the age effect with more subjects in future studies.
TBM and Partial Volume Effect
TBM is a nonlinear image registration tool that measures brain changes using serial MRI scans. The Jacobian determinants of the deformation map provide 3D visualization of local tissue volume growth or loss. Inference on white matter growth and/or gray matter loss using TBM is based on changes in tissue boundaries or gray/white contrast, which are related to the underlying tissue microstructure. Nevertheless, it does not offer a direct measurement of the true changes in white matter or gray matter integrity. TBM measures are more accurate or less influenced by partial volume effect in deep brain regions (e.g. white matter and subcortical gray matter structures) where entire voxels are filled with only one type of brain tissue. TBM measures of cortical gray matter and periventricular tissue are more prone to partial volume effect, in that a voxel has a mixture of brain and non-brain tissues (meninges, skull, or CSF), or a mixture of two types of brain tissues (gray matter and white matter). It is especially problematic when non-brain tissues are also changing as part of normal development, such as thickening of the skull during adolescence. We therefore manually removed the skulls (skull stripping) to eliminate this complication, though careful interpretation is still necessary at the interface of two types of tissues due to partial volume effect [Hua et al. 2009 ].
IQ and Brain Growth
We did not find a significant correlation between IQ and brain growth, though we cannot rule out such an association with the relatively small sample size. It is possible that growth trajectories for gray and white matter might differ in higher vs. lower IQ individuals regardless of diagnosis. The best approach is to covary IQ while comparing the autistic and normal growth rates. However, since two subjects had missing IQ measurements, we could not afford to remove additional subjects from the study.
Time Windows for Detection and Intervention
Although it would be ideal to emphasize early detection and intervention in clinical practice for autism, there is a large unmet need to provide treatment opportunities for adolescent and adult patients. Adolescence is a time of continued brain development with dynamic changes in gray and white matter [Giedd et al. 1999; Thompson et al. 2000] . The course of autism in adolescence and adulthood is generally understudied. Many adolescent and adult patients with autism show improvement, reportedly up to complete remission of individual symptoms in 10%-15% of cases, while the others decline [Seltzer et al. 2004 ]. There exists a large population of adolescents and adults with autism who are ''too old'' for early intervention. They will be likely joined by more who failed to undergo or respond to early intervention. Thus, there is a strong motivation for post-childhood longitudinal neuroimaging studies of autism such as ours. Investigations of this type offer some potential to uncover mechanisms supporting improvement or worsening of autistic symptoms and thus to inform therapy development.
consider our findings preliminary and a basis for future research. The study demonstrates the ability of TBM to identify regions most strongly showing local tissue changes in development, advancing our understanding of age and disease-related changes in brain morphometry.
Summary and Future Directions
Despite decades of research on autism, little is known about this devastating disorder. Evidence from twin and family studies suggests a genetic contribution to autism Folstein and Rutter 1977; Steffenburg et al. 1989 ]. Several candidate genes have been proposed, yet consistent findings are still lacking. TBM can produce high-resolution mapping of abnormal brain growth. Features in these growth maps, computed in larger populations, can facilitate genetic studies and provide a potentially useful biological measure for evaluating interventions.
CONCLUSION
These findings reveal abnormal brain growth rates in autism compared with healthy development, providing direct evidence of ongoing developmental deficits in autism during adolescence and childhood, long after definitive diagnosis of autism before or at age 3. TBM tracks 3D profiles of developmental changes in the human brain, and thus provides a useful biological measure of brain morphometry.
